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Abstract
Binder Jetting (BJ) is a low-cost Additive
Manufacturing (AM) process that uses inkjet
technology to selectively bind particles in a
powder bed. The interaction of the binder
droplets with the powder is essential to the
process. This is a complex interaction in which
picoliter-sized droplets impact powder beds at
velocities of approximately 10 m/s. The binder
partially fills the voids between the powders.
The fraction of void space filled with binder is the
saturation and is a key parameter in BJ. The
effects of printing parameters such as droplet
velocity, size, and spacing on saturation levels
are unknown. This study analyses the influence
of these parameters on the effective saturation
level when printing single lines into powder beds
of varied materials (316 Stainless steel, 420
stainless steel, and alumina) and varied particle
size (d₅₀ = 10-47 microns). Results show that
increasing droplet velocity or droplet spacing
decreased effective saturation.

Introduction
Binder Jetting (BJ) is a low-cost additive
manufacturing (AM) process that combines a
powder bed with inkjet printing technology. In
the process, powder is dispensed in thin layers
and inkjet printing deposits binder to selectively
bind powder in a desired cross section. A new
layer of powder is spread on top, and this
process is repeated layer by layer [1]. A drying or
heating process is often included between
layers. Similar to other powder bed AM
methods, BJ uses unbound powder from lower
levels as a support structure for upper layers.
The lack of large thermal heating to cause a
phase change and the use of inkjet technology

enables faster printing speeds than most
competing technologies.
BJ allows for complex parts to be made
with variety of materials such as ceramics,
metals, and plastics. This diverse range of
suitable materials allows it to be a prime
candidate for space fabrication. The binder is not
limited to aqueous based options, molten metal
or polymers can be utilized [2]. BJ currently is
used for low volume part production and
printing of casting molds but can be applicable to
a wide range of materials and size scales. For
example, it could be used in general construction
purposes using concrete. BJ has even been
proposed as a method for earth-based
construction to decrease costs and increase
customization [3].
The variety of material for use in BJ
makes it a prime candidate for In-Situ Resource
Utilization (ISRU) which can be used for longer
space missions where resources are increasingly
finite. The ability for BJ to be applied to concrete
construction also makes it a favorable candidate
for extraterrestrial construction an example is
the moon’s surface, where lunar concrete is
being researched [3, 4].
The key to BJ is the binder/powder
interaction. The fundamental building block of BJ
is the deposition of a droplets into a powder bed
to form a new granule. The ideal printing
parameters depend on the physics of the
interaction. The forces in the interaction are
complex. Both capillary and inertial forces are
significant and powder rearrangement is
common [5].
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For BJ to improve its industrial
application and its application to ISRU, the
underlying fundamental parameters must be
better understood so that proper parameters for
a new environment or raw material can be
identified
quickly
without
extensive
experimentation on site. The goal of this project
is to expand our understanding of these basic
relationships.
The forces in the binder/powder
interaction are complex and have yet to be
understood. Experiments have shown the
interaction can impact dimensional accuracy,
porosity, and strength [6]. Saturation level,
measures the amount of voids in the powder
filled by binder. It is the only currently
established measure of this interaction.
Print velocity has been shown to alter
the saturation level and decrease dimensional
accuracy in the parts [7]. Attempts have been
made to characterize the saturation level with
simple calculations based on binder drop
primitives and capillary pressure [8, 9]. However,
these methods have little experimental
validation and do not include the impact of
droplet velocity and binder drying. During BJ
printing, droplets impact the surface temporarily
creating a fully saturated region—where the
void space between powder particles is filled
with binder. Surrounding unsaturated regions
absorb binder as capillary pressure drives flow
from saturated regions until equilibrium is
reached. Due to powder packing variation and
the hysteresis in the imbibition and drainage
curves the saturation level may vary throughout
the wetted region. Figure 1 illustrates the
hysteresis in powder fluid flow between
drainage and imbibition curves.
Majority of previous work aimed at
understanding the droplet/powder interaction
utilized larger drops, millimeter scale droplets.
Researchers interested in granulation processes
developed a map to identify conditions that
where each
granule formation modes
dominates based on bond number and bed
porosity [10]. The formation modes were
correlated with drop height, powder size,

Figure 1: General trend of saturation for drainage and
imbibition curves with capillary pressure (Pc). There is
generally significant hysteresis between the imbibition
and drainage curves.

powder shape, binder composition, and porosity
[11, 12]. These studies provide insights into
possible forces and outcome but operate with
droplet orders of magnitude larger than in BJ.
The studies also lack parameters in BJ such as
heating or interaction with adjacent wetter
powder from prior printing. Both have been
shown to significantly impact the wetting
regimes and are common in BJ [13].
Saturation prediction could decrease
testing required to identify printing parameters
for new machines, powders, and binder.
Miyanaji, et al. [8] proposed the first physicsbased model to predict the equilibrium
saturation level based on the measured capillary
pressure. The model assumed the powder bed to
be made of single cylindrical pores of one size.
This neglects the impact of the range of pore
sizes present in a powder bed. Unfortunately,
the experimental data set was uncorrelated
between the model predictions and part-level
measurement.
The binder/powder interaction is highly
dynamic. Droplets impact the powder at
velocities up to 10 m/s. Studies using high-speed
imaging and x-ray imaging observed
deformation of the powder bed and primitive
formation [5, 14]. Significant powder bed
movement is seen on the surface, x-ray imaging
shows an impact area below the printing area
where powder was disrupted as the energy
propagated through the powder bed.
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Figure 2: Particle size distribution and SEM images of A) 420 stainless steel, B) 316 stainless steel, C) Alumina.

Current
understanding
of
the
binder/powder interaction is insufficient for
accurate saturation prediction. Most BJ studies
focus on full parts while droplet studies utilize
millimeter-scaled
droplets.
Improved
understanding of the impact of printing
conditions on line formation will improve
accuracy and quality of printed parts while
reducing testing. This paper focuses on creating
single lines and comparing these results to
millimeter-scale droplets to investigate the
influences of droplet velocity and droplet
spacing on the binder/powder interaction.

Materials
Lines and droplet primitives were made
with ExOne solvent binder, properties given in
Table 1. Three powders were used in all
experiments: ExOne stainless steel 420, ExOne

stainless steel 316, and Alumina abrasive 320 grit
powders. Figure 2 displays the particle size
distributions and particle shapes of each of the
powders. Powder size distribution was
measured by NSL Analytical using laser
diffraction (ISO 13320). Particle shapes were
observed with images from scanning electron
microscopy (Apreo C SEM). Powder material
properties summarized in Table 2.
Contact angles of solvent binder on bulk
samples were measured using a goniometer and
a digital camera. 420 and 316 stainless steel rods
were polished up to 1200F sandpaper prior to
angle measurements. A sapphire window was
used as an ideal alumina sample. Images were
analyzed with ImageJ software (Table 2).

Table 1: ExOne solvent binder properties as reported by the manufacturer.

Density

Viscosity

Surface Tension

1.05 g/cc

4.6 cps

32 dyne/cm
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Table 2: Properties of powder materials used in experiments.

Sauter Mean
Diameter, D3,2 (µm)

Contact Angle on
polished Block

Powder Bed
Density (g/cm³)
– Packing
Fraction

420 Stainless
Steel

45.5

33°

4.48 – 58%

4.95

316 Stainless
Steel

7.58

40°

4.24 –53%

4.64

Alumina

36.2

31°

2.01 – 51%

2.29

Methods
The binder/powder interaction was
studied through two procedures. (1) Primitive
formation from millimeter-scale droplets
released from various heights, (2) line printing
with picoliter inkjet droplets at various droplet
velocities and droplet spacings.
For all tests, uniform powder beds were
created by filling custom aluminum containers,
tapping
them for improved density, and leveling
with an aluminum straight edge. All powder beds
were prepared within ±1% packing fraction.

Millimeter-scaled Droplets
The first experimental procedure was
primitive droplet formation. Droplets (2-14.5
microliters) were dropped at various height (0,
10, 20 cm) to control impact velocity on powder
beds. Powder beds were placed on a scale
(Ohaus AX224) then the droplets were
dispended to measure the droplet mass. Figure
3 illustrates the procedure. Immediately
following powder beds were cured at 180°C for
two hours. After curing the droplet primitives
were extracted and the mass measured
individually. The effective saturation was
calculated using equation (1) below:
𝑚𝑏
𝜌𝑏
𝑆= 𝑚
(1)
𝑝
𝜌𝑝𝑏 ∗ (1 − 𝑃𝑓 )

Tapped Density
(g/cm³)

where 𝑚𝑏 is binder mass, 𝜌𝑏 is binder density,
𝑚𝑝 is the mas of the primitive, 𝜌𝑝𝑏 is powder
bed density, and 𝑃𝑓 is the packing fraction.

Line Printing
A custom BJ system was utilized to print
lines of binder into powder with a control
droplet volume, droplet velocity and droplet
spacing. Each line was 20 mm in length. The
system consisted of a single MicroFab MJ-AB-01
(40 and 30-micron orifice) print setup triggered
in unison with three motorized linear stages.
LabVIEW controlled the triggering of each
system. Figure 4 illustrates the connectivity of
the systems. A pneumatics console maintained a
vacuumed in the binder reservoir while also

Figure 3: Illustration of the experimental procedure for
millimeter-scale droplet primitives.
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Figure 4: A diagram of the experimental apparatus and connectivity between units. The Newport linear stages controlled in
unison with triggering the MicroFab JetDrive III to actuate the printhead and deposit lines with controlled droplet spacing.
The inkjet properties (droplet velocity, droplet size) were varied using the JetDrive III waveform controls.

allowing pressurized purging of the printhead for
cleaning. Figure 5 is a picture of the single nozzle
BJ system.
Images from a digital camera and a
strobe
allowed
for
droplet
velocity
measurements. Binder mass was measured by
capturing the binder of an equivalent 20 lines
and measuring its mass. A binder mass average
was used for single line saturation calculations.
Lines were printed at various droplet
velocities and droplet spacings. The powder beds

were heated at 180°C for 30 minutes. The
resultant line primitives were removed, and their
mass measured individually. The effective
saturation was calculated by using equation (1).
To mitigate the effect of the change in
droplet size with change in droplet velocity a
dimensionless parameter was developed for
analysis. The overlap ratio:
𝐷𝑑
𝑂𝑟 =
(2)
𝑙
where 𝐷𝑑 is the droplet diameter and 𝑙 is the
spacing between droplets.

Results and Discussion

Figure 5: Image of the experimental apparatus for line
printing. Stages for bed and printhead movement
move a powder bed below the inkjet printhead.

In BJ printing a target saturation value is
generally selected based on powder and binder.
However, it is well-known that a range of values
are possible depending on the imbibition and
drainage curves because saturation is path
dependent. In this work, the effective saturation
that is achieved is calculated based on the mass
of the printed lines to provide insight into the
appropriate target saturation values and how
they differ with printing parameters.
An average effective saturation from the
millimeter-scaled droplet primitives is shown in
Figure 7. This shows no variation in saturation
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Figure 7: Millimeter-scaled droplets at various heights
for equilibrium saturation calculation and comparison
to line printing.

between the drop heights. We are unable to
conclude that velocity has any effect on the
effective saturation level for the millimeterscaled primitives. We can take this average
saturation and set it as a baseline to compare to
the line printing results. The baseline saturation
appears to separate in two groups. The coarser
powders, Alumina and 420, had similar results,
78% and 76% respectively. The finer powder,
316, was significantly lower at 58%. We expect
to see major differences between the
Alumina/420 powders and the 316 powder.
Line printing results are summarized in
Figure 8. The effective saturation is plotted with
the overlap ratio which compensates for the
effect of changing droplet size as the droplet
velocity increased. The larger droplets (40 µm

orifice) display that an increased overlap ratio
corresponds with an increase in saturation
levels. This suggests that the premoistened
powder from prior droplets acts to decrease the
spread of the next droplets. This was not seen in
the finer 316 powder. The smaller droplets (30
µm orifice) do not exhibit the same variation
from a change in overlap ratio.
Kinetic energy influenced the saturation
with the larger droplets, increased droplet
velocity shifted the saturation levels down. This
produced ranges between 31% to 71% for 420
powder and 31% to 51% for the 316 powder
under the same conditions. We hypothesis that
the smaller particles cause larger spreading of
the droplet prior to imbibition. The smaller
particles also crate smaller pores that would
allow larger wetting forces that draw the binder
further into the powder bed causing the
saturation to drop.
The baseline saturation appears to be an
upper limit to the line saturation. With all the
powders the line saturation is always below the
baseline. Saturation for 316 powder had a
significantly smaller range, its baseline was also
significantly lower but maintained as the upper
limit.
The 316 powder exhibited balling
defects at lower droplet velocities and smaller
droplets. Figure 6 displays the difference
between a successful printed line and one with a
balling defect. Droplet velocity altered the
wetting properties enough to avoid this defect.

Figure 6: Lines printed in 316 powder. Top) 9.1 m/s droplet velocity, recoverable. Bottom) 5.4 m/s droplet velocity,
unrecoverable.
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Figure 8: Equilibrium saturation plots for each material. (left) 40 micron orifice, (right) 30 micron orifice. A general trend of
higher velocities and less binder corresponds to a lower situation levels in each of the materials with 40 micron orifice.

Similar results were found in a previous study
[15]. This confirms the role droplet velocity plays
in BJ.
Lines printed in 420 powder with smaller
droplets produced delicate lines which were
unextractable due to insufficient bonding
between the particles. This would limit the small
feature sizes with coarser powders. However,
the smaller droplets in connection with finer
powders could push the limit of small features in

BJ as it would not exhibit the insufficient bonding
as the larger particles would at small features.

Conclusion
The binder/powder interaction is
complex. Increased understanding of the physics
will improve development in BJ and increase use
in industry. This work studied the impact of
droplet velocity and droplet spacing on the
effective saturation level of printed lines.
Current models in predicting saturation neglect
the impact of droplet velocity and assume quasi-
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static conditions. Saturation in 420 stainless
steel powder dropped from 62% to 44% from the
impact of droplet velocity. Its influence is visible,
however the underlying property between
powders is unclear. As new models develop,
printing parameters such as droplet velocity
need to be included.
Droplet spacing affects the effective
saturation, the premoistened powder from
previous drops alter wetting for succeeding
droplets. This effect was seen with the coarser
powders (420 and Alumina) and not in the finer
powder (316). Powder particle size, droplet size,
and droplet velocity should be considered when
determining printing pattern and droplet spacing
for printing.
Saturation has generally been viewed as
a property dependent on powder and binder.
However, this study and previous studies have
shown that it is process dependent. Knowledge
of how the process affects the end result is
needed to improve modeling and developed
new materials for BJ. Application for new
materials and new environments require more
studies
to
further
understand
the
binder/powder interaction. Observations of
multilayer, time between droplet arrival,
geometry changes, humidity levels, and
understanding differences in wetting regimes
can help provide insight to this interaction.

[4]

[5]

[6]

[7]

References
[1]

[2]

[3]

M. Ziaee and N. B. Crane, "Binder
Jetting: A Review of Process, Materials,
and Methods," Additive Manufacturing,
2019/06/22/
2019,
doi:
https://doi.org/10.1016/j.addma.2019.
05.031.
L. E. Murr, "Frontiers of 3D
Printing/Additive Manufacturing: from
Human Organs to Aircraft Fabrication†,"
Journal of Materials Science &
Technology, vol. 32, no. 10, pp. 987-995,
2016/10/01/
2016,
doi:
https://doi.org/10.1016/j.jmst.2016.08.
011.
D. Lowke, E. Dini, A. Perrot, D. Weger, C.
Gehlen, and B. Dillenburger, "Particle-

[8]

[9]

bed 3D printing in concrete construction
– Possibilities and challenges," Cement
and Concrete Research, vol. 112, pp. 5065,
2018/10/01/
2018,
doi:
https://doi.org/10.1016/j.cemconres.20
18.05.018.
S. Lim, V. L. Prabhu, M. Anand, and L. A.
Taylor, "Extra-terrestrial construction
processes
–
Advancements,
opportunities and challenges," Advances
in Space Research, Article vol. 60, no. 7,
pp.
1413-1429,
2017,
doi:
10.1016/j.asr.2017.06.038.
N. D. Parab et al., "Real time observation
of binder jetting printing process using
high-speed X-ray imaging," Scientific
Reports, vol. 9, no. 1, p. 2499,
2019/02/21 2019, doi: 10.1038/s41598019-38862-7.
Y. Bai, G. Wagner, and C. B. Williams,
"Effect of Particle Size Distribution on
Powder Packing and Sintering in Binder
Jetting Additive Manufacturing of
Metals," (in English), J. Manuf. Sci. Eng.Trans. ASME, Article vol. 139, no. 8, p. 6,
Aug 2017, Art no. 081019, doi:
10.1115/1.4036640.
H. Miyanaji, N. Momenzadeh, and L.
Yang, "Effect of printing speed on quality
of printed parts in Binder Jetting
Process," Additive Manufacturing, vol.
20, pp. 1-10, Mar 2018, doi:
10.1016/j.addma.2017.12.008.
H. Miyanaji, S. Zhang, and L. Yang, "A
new
physics-based
model
for
equilibrium saturation determination in
binder jetting additive manufacturing
process," International Journal of
Machine Tools and Manufacture, vol.
124,
pp.
1-11,
2018,
doi:
10.1016/j.ijmachtools.2017.09.001.
Y. Bai, C. Wall, H. Pham, A. Esker, and C.
B. Williams, "Characterizing BinderPowder Interaction in Binder Jetting
Additive Manufacturing Via Sessile Drop
Goniometry," J. Manuf. Sci. Eng.-Trans.
ASME, vol. 141, no. 1, Jan 2019, Art no.
011005, doi: 10.1115/1.4041624.

9
2020 Utah NASA Space Grant Consortium
[10]

[11]

[12]

[13]

[14]

[15]

H. N. Emady, D. Kayrak-Talay, and J. D.
Litster, "A Regime Map for Granule
Formation by Drop Impact on Powder
Beds," Aiche Journal, vol. 59, no. 1, pp.
96-107,
Jan
2013,
doi:
10.1002/aic.13952.
H. N. Emady, D. Kayrak-Talay, W. C.
Schwerin, and J. D. Litster, "Granule
formation mechanisms and morphology
from single drop impact on powder
beds," Powder Technology, vol. 212, no.
1, pp. 69-79, 2011/09/15/ 2011, doi:
https://doi.org/10.1016/j.powtec.2011.
04.030.
T. Gao et al., "Granule formation and
structure from single drop impact on
heterogeneous
powder
beds,"
International Journal of Pharmaceutics,
Article vol. 552, no. 1-2, pp. 56-66, 2018,
doi: 10.1016/j.ijpharm.2018.09.036.
J. O. Marston, J. E. Sprittles, Y. Zhu, E. Q.
Li, I. U. Vakarelski, and S. T. Thoroddsen,
"Drop spreading and penetration into
pre-wetted
powders,"
Powder
Technology, vol. 239, pp. 128-136, 2013,
doi: 10.1016/j.powtec.2013.01.062.
T. Fan, "Droplet-powder impact
interaction in three dimentional
printing," MIT Thesis, Thesis 1996.
K. J. Seluga, "Three Dimensional Printing
by Vector Printing of Fine Metal
Powders," Department of Mechanical
Engineering, MIT, 2001.

